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ABSTRACT

Xue, Yan., M.S.E., Purdue University, December 2013. Determination of Heat Transfer
in Under-Floor Plenum in Buildings with Under-Floor Air Distribution Systems. Major
Professor: Dr. Qingyan (Yan) Chen, School of Mechanical Engineering.

Under-Floor Air Distribution (UFAD) systems have potential advantages of energy
saving and indoor air quality improvement over conventional well-mixed systems. As a
ventilation strategy for buildings, a UFAD system provides conditioned air to occupied
rooms through diffusers in raised floors and the air is exhausted through return grilles at
the ceiling level.

Many previous researches have focused on the energy saving and air quality
improvement by UFAD systems because of their high supply air temperature and room
air stratification. However, few of them paid attention to the effects of the heat transfer
through floor slabs on the energy performance of buildings. The heat transfer across floor
slabs increases the supply air temperature during the cooling mode and decreases it
during the heating mode which may lead to energy loss.

This thesis is to study the influence of the heat transfer through a floor slab between the
under-floor plenum of a given occupied room and the downstairs return plenum on the
energy performance of a typical office building. The impact of the non-uniform flow in
the floor plenum was also analyzed since it affected the energy flow in the floor plenum.
These factors were taken into account as well as the thermal stratification for a more
rigorous and accurate energy assessment of UFAD systems. Year-round energy

x

simulations of an office building with a UFAD system in Philadelphia were performed
and compared to that with a well-mixed system.
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CHAPTER 1. INTRODUCTION

1.1.

Background of UFAD Systems

Buildings are responsible for approximately one third of the total energy demand in
United States according to a report of the U.S. Energy Information Administration (EIA,
2013), and the demand will continue to grow in the coming 30 years. Much attention has
been focused on the development of alternative energy sources. However, it is also very
important to increase the efficiency of energy consumption in buildings in order to offset
the growth in energy demand. Advanced building technologies play a significant role in
this effort. At the same time, people spend approximately 90% of their time indoors in
the United States and unfortunately, pollutant levels inside building are higher than in the
outdoor environment (EPA, 2001). The indoor environment of buildings has attracted
increasing attention. Therefore, advanced building technologies are essential not only for
reducing energy consumption, but also for creating a comfortable, healthy indoor
environment for building occupants.

Under-Floor Air Distribution (UFAD), as an advanced ventilation strategy, has been used
for buildings in Europe for 30 to 40 years, and the movement toward UFAD systems has
gained momentum in the past two decades in the United States (CBE, n.d.). Figure 1.1
shows schematics of a well-mixed and a UFAD system. It can be seen in Figure 1.1 that
in a building with a conventional well-mixed system, conditioned air is discharged into
the room through inlets at ceiling level, and the air is well mixed so that the temperature
at the desired setting is uniform throughout the room.
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Overhead well-mixed

Under-Floor Air Distribution
(UFAD)

Ceiling plenum

Occupied room

Floor plenum
Raised floor
Floor slab

Figure 1.1. Schematics of well-mixed (left) and UFAD systems (right).
Unlike the overhead well-mixed system, a UFAD system provides conditioned air to the
occupied room through diffusers in a raised floor and the air is exhausted through return
grilles at ceiling level. Air buoyancy causes air stratification in the room, so that cool,
clean air is retained in the lower region where the occupants are located, while warm air
containing pollutants travels to the upper region. At the same time, the air flow through
the diffusers is the driving force for air mixing in the room. The balance of air buoyancy
and mixing momentum leads to partial air stratification in the room, so that the room
preserves thermal stratification overall as well as mixing effects in some local regions.

The popularity of UFAD systems is due to their potential advantages over well-mixed
systems:
(1). Flexibility of configuration allowing for individual control
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The raised floor tiles of UFAD systems are often interchangeable, and the types and
locations of the diffusers can easily be modified according to the requirements of the
occupants. In addition, UFAD systems often allow occupants to control the thermal
conditions of the localized zones around them by adjusting the air flow rate through
nearby diffusers individually. This flexibility not only improves the thermal comfort and
satisfaction of the occupants, but also reduces the cost of reconfiguration. Arens (Arens,
et al., 1991) examined the effectiveness of personal controls of a UFAD system. The
research showed that a wide range of thermal conditions could be achieved quickly which
indicated that the UFAD system had the potential of providing different ambient
environments for different occupants.

(2). Improvement in thermal comfort
As discussed above, occupants‟ ability to individually control nearby diffusers increases
their satisfaction with the environment because they can adjust the room air conditions to
meet their own requirements. Hedge (Hedge, et al., 1993) conducted a comprehensive
survey for six buildings with UFAD systems. The survey indicated that with controllable
air velocity and direction, the buildings with UFAD systems could achieve fewer
complaints about the thermal discomfort and air movement.

(3). Indoor air quality improvement
The use of UFAD systems is very promising for indoor air quality improvement because
of the direct supply of fresh air to occupants. With such a system, the poorer quality air
stays above the occupied zone, and the pollutant concentrations around the occupants are
lower than in other regions of the room. Therefore, the local environment around the
occupants is better. Faulkner (Faulkner, et al., 1995) founded that the age of air in the
occupied zone with a UFAD system was 20-40% less than that with a well-mixed system
and the particle concentration was approximately 10% lower.
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(4). Energy saving
Room air stratification of UFAD systems provides potential energy saving because the
desired air temperature needs to be maintained only in the occupied zone (the lower
region of the room) where the occupants are located, while the air temperature in the
upper zone can be higher than the set-point temperature. In other words, UFAD systems
do not need to cool the entire room and therefore may consume less energy than wellmixed systems. Furthermore, the supply air temperature of UFAD systems is typically
17°C to 18°C (63°F to 64°F) (Bauman, et al., 2001), which is higher than the range of
13°C to 15°C (55°F to 59°F) (Montanya, 2009) used for well-mixed systems. Higher
supply air temperature can also contribute to energy saving because it allows greater use
of free-cooling. At the appropriate outdoor air temperature, an economizer can mix fresh
outdoor air with return air, which requires less energy for cooling than using 100% return
air. This is the main principle of free-cooling. With a higher supply air temperature under
the same outdoor conditions, buildings with UFAD systems including economizers use
more fresh outdoor air and consume less energy for cooling than do well-mixed systems.

However, there are also some factors that lower the performance of UFAD systems:
(1). Heat transfer through the floor slab
During the cooling mode, the air temperature in the floor plenum is very low. Heat
transfer across the floor slab (Figure 1.1) from the downstairs warm ceiling plenum to the
cold floor plenum results in heat loss and increase energy consumption. There is a similar
situation during the heating mode and the heat transfer from the warm floor plenum to
downstairs cold ceiling plenum leads to energy loss as well.

(2). Increased electricity consumption because of fan operation
Although UFAD systems have a higher return air temperature, the supply air temperature
is also higher than that in well-mixed systems. In general, the temperature difference
between the supply air and return air in buildings with UFAD systems is less than that
with well-mixed systems. Therefore, with a same thermal load, a UFAD system requires
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a higher air flow rate than do a well-mixed system. Because the energy consumption by a
fan is approximately proportional to the cubed air flow rate, the requirement of a higher
air flow rate in a UFAD system leads to a significant increase in the energy consumption
by a fan.

1.2.

Problem Statement and Objectives

A comparison of the energy performance of UFAD systems with that of conventional
well-mixed systems must be comprehensive, taking into account all the related
advantages and disadvantages discussed above. Many previous studies have focused on
the room air stratification (Ito, et al., 1992, Lau, et al., 2007, Lin, et al., 2005, Liu, et al.,
2006, Xue, et al., 2012). The influence of the heat transfer in the floor plenum began to
draw attention just a few years ago. The supply air temperature increase in the floor
plenum is known as the “thermal decay” problem. Thermal decay is often considered to
be resulted from the heat transfer to the supply air from the slab as well as the raised floor,
and research has shown that about 30% - 40% of the room cooling load is transferred to
the floor plenum (Bauman, et al., 2006).

Nevertheless, although the heat transfer from the raised floor results in an air temperature
increase in the floor plenum, it also contributes to the maintenance of air temperature in
the occupied room. In contrast to the heat transfer from the raised floor, the heat flux
through the floor slab from the downstairs ceiling plenum increases the supply air
temperature and causes energy loss. Therefore, it is necessary to separate the heat transfer
through the floor slab from the heat transfer through the raised floor and to focus on the
negative effects of the former on the energy performance of UFAD systems.

Another concern is that many previous studies have performed energy simulations for
buildings with UFAD systems located in the place where the climate is mild such as
California. This mild weather is itself beneficial to the use of free-cooling and maximizes
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the advantages of UFAD systems. The usefulness of UFAD systems in climates with
greater temperature extremes should also be evaluated as well.
This thesis studied the heat transfer through a floor slab between the floor plenum of a
given room and the ceiling plenum below. Considering this problem, this investigation
attempted a more rigorous and accurate energy assessment of UFAD systems by
performing a year-round energy simulation. A typical office building in Philadelphia was
used as the simulation case for the study. The year-round energy consumption by the
chiller, boiler, and fan in this building with a well-mixed system was compared to that
with UFAD systems.

1.3.

Organization of the Thesis

Chapter 2 presents the literature review of the issues involved in performing energy
simulations for buildings with UFAD systems and the related studies on the heat transfer
in floor plenums conducted by other researchers. Chapter 3 focuses primarily on the
development of the EnergyPlus model for simulating buildings with UFAD systems,
followed by validation experiments in Chapter 4. Using the model discussed in the
previous chapters, Chapter 5 reports the design day and year-round simulation results for
a typical office building in Philadelphia and analyzes the impact of the heat transfer
across floor slabs on the energy performance of UFAD systems.
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CHAPTER 2. LITERATURE REVIEW

To determine the heat transfer across floor slabs in buildings with UFAD systems during
a design day, it is necessary to conduct the energy simulation for buildings with UFAD
systems. And it is essential to decide which tool to use for energy simulations and
understand its advantages as well as limits. This chapter first discusses some research
related with the heat transfer in floor plenums from others. The following part gives a
brief introduction to the selected simulation tool EnergyPlus and reports the literature
review of the issues involved in the energy simulation for buildings with UFAD systems.

2.1.

Introduction

The energy flow between the air in a floor plenum and other thermal zones has been
noticed in recent years. It is known as the thermal decay problem, which refers to the
supply air temperature increase due to the heat flux from the raised floor and the floor
slab (Bauman, et al., 2006). Bauman analyzed two pathways through which heat is
removed from a room: 1) heat extraction along with the exit of return air from the room
through an exhaust opening at ceiling level, and 2) heat transfer to a floor plenum from
the raised floor and the floor slab. Bauman estimated the ratio of these two pathways
using a simplified heat balance model and found that approximately 30-40% of the
cooling load was transferred to the floor plenum, as shown in Figure 2.1.

Figure 2.1 also shows the percentage of heat transfer by convection from the raised floor
and the slab to the supply air in the floor plenum. However, the heat transfer to the air in
the floor plenum was not equal to the energy loss. Heat transfer to the floor plenum
through the raised floor also helped to reduce the air temperature in the occupied room.
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This thesis focuses on the heat transfer across the floor slab between a floor plenum and
the downstairs ceiling plenum which leads to energy loss.

Figure 2.1. Predicted percentages of total room cooling load (Bauman, et al., 2006).
The conclusion made by Bauman was based on a simplified heat balance model which
did not conduct dynamic energy balance simulation. The air velocity and temperature
distributions in the floor plenum as well as in the occupied room were not taken into
account. In order to better understand the influence of the floor plenum, it is necessary to
perform a more detailed energy flow analysis of the energy simulation for UFAD systems.

To perform a more detailed energy flow analysis, dynamic energy balance simulations
are needed. Energy simulation programs such as eQuest and EnergyPlus have been
widely used to study the building energy performance. Using the geometric
measurements and material data for specific buildings, they can predict the hourly
thermal load as well as energy consumption by various HVAC systems. They can also
allow the users to access the weather conditions at a range of locations around the world.
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The EnergyPlus program was selected as the tool for the energy simulations in this thesis
because it is capable of modeling a building with multiple thermal zones so that floor and
ceiling plenums can be simulated as separate zones from occupied rooms. One of the key
points in this study is the influence of the heat transfer through the floor slab on the
energy performance of UFAD systems. Therefore, it is essential that the selected program
has the ability to perform energy simulations for the floor and ceiling plenums.

In addition, research (Schiavon, et al., 2010) indicated that the studies on the energy flow
in floor plenums cannot be separated from the air stratification in the occupied room.
Figure 2.2 shows the energy flow in an office building with a UFAD system. It is seen
that the room air stratification affects the heat transfer between the occupied room and
plenums which has interaction with the heat transfer across the floor slab. Therefore, the
room air stratification of UFAD systems cannot be ignored in the energy simulations.

Figure 2.2. Energy flow in an office building with a UFAD system (Xue, 2011).
Energy simulation using EnergyPlus is fast and efficient, but there are also several factors
that limit the program‟s accuracy and reliability of simulations for buildings with UFAD
systems. The most challenging problem is that it is difficult to independently predict the
air temperature profiles and flow patterns using the energy simulation program and
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therefore to accurately account for the influence of these factors on energy performance
of buildings. Further details of these problems will be presented in the following sections.

2.2.

Difficulties in Simulating Buildings with UFAD Systems
2.2.1. Room Air Temperature Stratifications

Energy simulation programs such as EnergyPlus do not have the ability to predict air
flow patterns or temperature fields for an entire room as Computational Fluid Dynamics
(CFD) programs do. Therefore, they cannot independently provide detailed air
stratification information in occupied rooms with UFAD systems. There are two primary
approaches to solve the problem of predicting room air stratification in the energy
simulation: 1) coupling CFD and energy simulation programs; and 2) developing a
simple model to predict the air temperature profile in the occupied room and inserting it
into an energy simulation program.

Xu and Niu (Xu, et al., 2006) proposed a numerical procedure that combined CFD
simulation and dynamic thermal load simulation to predict the energy consumption of an
office room with a UFAD system, using weather data for Hong Kong. The office room
was divided into an occupied zone (bottom) and an unoccupied zone (top) (Figure 2.3).
The temperature of the air between the two zones was described as the operative air
temperature

. The variable

was the supply air temperature, and

was the exhaust air

temperature (which was equal to the return air temperature). Connecting the occupied and
unoccupied zones, the operative air was regarded as the outlet air of the occupied zone as
well as the inlet air of the unoccupied zone. For an office room with a well-mixed system,
was equal to

.
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Figure 2.3. Simplified two-zone model for the UFAD system (Xu, et al., 2006).
A dimensionless temperature coefficient

was defined to characterize the room air

stratification in the room with a UFAD system:

.

(2.1)

The dimensionless temperature coefficient could also be written as:

,

where

and

(2.2)

were the cooling loads for two zones.

The numerical procedure began with an energy simulation using ACCURACY (Chen,
1988) for obtaining the cooling loads and internal surface temperatures of the building
envelope (Xu, et al., 2006). With the surface temperatures as the boundary conditions, a
CFD simulation was performed and the dimensionless temperature coefficient
obtained. Using

was

, the exhaust air temperature, surface temperatures, and cooling loads
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were recalculated by ACCURACY, and CFD simulation was repeated using the updated
boundary condition. After convergence had been achieved, the energy consumption in
this building could be calculated. The year-round simulation results for an office room
with dimensions of 5.1 m  3.6 m  2.64 m are shown in Figures 2.4 and 2.5.

Figure 2.4. Free-cooling hours with UFAD and well-mixed systems (Xu, et al., 2006).

Figure 2.5. Energy consumption of buildings with UFAD and well-mixed systems (COP
= 3.5) (Xu, et al., 2006).
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The figures above indicate a potential energy saving with a UFAD systems because of the
increased use of free-cooling in comparison to a well-mixed system. However, the effects
of the heat transfer in the floor plenum and of the heating mode were not taken into
account in this case. All these factors lessen the advantages of UFAD systems.

In addition, a detailed analysis of the air stratification in a building with a UFAD system
combining energy and CFD simulations is time consuming and computationally
expensive. Therefore, some researchers worked on the second approach: developing a
simple model to predict the vertical air temperature profile in the room and then inserting
it into an energy simulation program.

Actually, detailed air velocity and temperature data is not needed for every region of a
room in order to perform an energy performance analysis. Such detailed air information
is used for the analysis of indoor air quality and thermal comfort, which are not the focus
of this thesis. In an energy simulation, a simple prediction of the vertical air temperature
profile is sufficient for the calculation of the thermal load in a room. Therefore, an ideal
approach would use a simple model to predict the vertical air temperature profile in a
room with a UFAD system, and to incorporate the calculation of the air stratification into
an energy simulation program as part of the overall building energy simulation.

Various simplified models have been developed to predict the room air temperature
stratification in rooms with UFAD systems. One example is the five-point model
developed by Xue (Xue, 2011) and validated by Lee (Lee, 2011). This model was
developed on the basis of a large number of CFD simulations for different room layouts
such as offices, classrooms and conference rooms. It attempted to characterize the
vertical temperature gradient using five points, as shown in Figure 2.6.
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Figure 2.6. Computed temperature points in the thermal stratification model (Xue, 2011).
If the thermal load was known, the temperature difference between the supply air and
return air could be determined by the following equation:

,

(2.3)

where

: return air temperature,
: supply air temperature,
: the cooling load of the room (during the heating mode, the room was regarded as a
mixing zone, and there was no thermal stratification),
: average specific heat of the air,
: average density of the air,
: air flow rate in the thermal zone.

The average room air temperature

could be predicted using a series of empirical

power-law equations for different diffuser types:
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,

(2.4)

where

: coefficients which varied according to diffuser type: swirl, square, or linear
diffusers,
: local Reynolds number for the diffuser discharge;
diffuser discharge;

: air velocity of the

: characteristic diameter of the diffuser; : kinematic viscosity,

: mean Reynolds number for the room;

: mean air velocity in the room;

: characteristic hydraulic diameter of the room;

: width of the room; : depth

of the room; : kinematic viscosity,
: Grashof number used for estimating the buoyancy force; :
gravitational constant;

: thermal expansion coefficient;

: height of the room.

The air temperature at the ankle level was calculated using the following empirical
equation:

,

where

(2.5)

are empirical coefficients.

The air temperature at the head level was obtained from the following equation:

.

(2.6)

Lin and Linden (Lin, et al., 2005) established another model which aimed to predict the
vertical air temperature gradient in an office room with a UFAD system. Using the plume
and momentum theory, this model attempted to describe the air temperature profile as the
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interaction between the stratification and mixing effects using two non-dimensional
parameters.

Figure 2.7. Air stratification in a room with a UFAD system (Webster, et al., 2008).
The model divided an occupied room with a UFAD system into two subzones: an
occupied zone at the bottom and a mixed zone at the top (Figure 2.7). Each subzone had
an average air temperature and the difference of them stand for the average temperature
gradient. Similar to the five-point model discussed before, this model also examined the
air stratification from two points of view: buoyancy effects due to internal heat sources
which generated air stratification, and momentum flux caused by air flow from diffusers.
The momentum flux was represented by a non-dimensional term

and the strength of

stratification, which reflected the influence of air buoyancy, was represented by another
non-dimensional term :

,
where
: sum of air flow rates from all diffusers, unit: m3/s,

(2.7)
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: the angle between diffuser slots and the vertical direction of the surface where
diffusers were placed, the default value for swirl diffusers was 28°, and 45° for variable
area diffusers, and 15° for linear bar grilles,
: number of the heat source,
: number of diffusers per heat source,
: effective area of each diffuser, the default value for swirl diffusers was 0.0075m2, and
0.035m2 for variable area diffusers, and 0.03m2 for linear bar grilles,
: total internal heat load, unit: kW.

,

(2.8)

where

: return air temperature, unit:K,
: occupied zone temperature, unit:K,
: supply air temperature, unit:K.

If

, there was full air temperature stratification, which meant there was linear

temperature gradient in the whole room with the range of

. If

, then there

was no temperature stratification and the whole thermal zone had a uniform temperature,
which was the characteristic of a well-mixed system.

With the input of

, the number of diffusers ,

, internal heat load

, diffuser area

, the vertical position of the heat source

based on the diffuser type, and air flow rate ,

the return air temperature, the average temperature of an occupied subzone and the
interface location between two subzones were calculated using following equations:

,

(2.9)
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(for interior zones),
(for exterior zones),
√

√

(for interior zones),

(for exterior zones).

(2.10)
(2.11)

(2.12)

(2.13)

Equations 2.10 and 2.12 were used for the thermal zones located inside of buildings
which were isolated from outside weather conditions by exterior zones. Equations 2.11
and 2.13 were used for the exterior thermal zones located at the exterior areas of the
buildings. The performance of this room air model was proved to be similar to the fivepoint model for office layouts (Lee, 2011). Although the five-point model could be
applied to more indoor space layouts, whereas the other model could be applied only to
office buildings, this thesis addresses only the energy performance of an office building
with UFAD systems. In addition, the model developed by Lin and Linden has already
been coded and implemented in the latest EnergyPlus version (Liu, et al., 2008).
Therefore, the model developed by Lin and Linden was used in the current study for
predicting room air stratification of a building with a UFAD system.

2.2.2. Non-uniform Air Flow in Floor Plenums
It is a complicated problem to study the influence of floor plenums because not only the
occupied room has thermal stratification, the air velocity and temperature distributions in
the floor plenum are also non-uniform according to some previous research.

Jin, et al. (Jin, et al., 2006) measured the temperature differences among diffusers at
different locations in a raised floor and compared them to simulation results. Figure 2.8
shows their results. The values in parentheses are the measured air temperatures at the
diffusers, and those without parentheses are the corresponding simulation results.
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Agreement between experimental data and simulation results indicated that there were
big differences of air temperature between different diffusers. In addition, the air
temperature distribution could not be easily predicted based on the distances between
supply air inlet and diffusers. It is seen that the lowest temperature did not occur at the
diffusers closest to the supply air inlet, but rather at the first diffuser directly impacted by
the inlet jet. As the supply air travelled further, its temperature increased. The
temperature increase was a function of the distance that the supply air travelled before
arriving at the diffuser, but not of the distance between the diffuser and the supply air
inlet.

Predicted diffuser temp
(Measured diffuser temp) [F]

Figure 2.8. Comparison of measured and CFD predicted diffusers temperatures (Jin, et al.,
2006) (top – English Units, bottom – SI Units).
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Predicted diffuser temp
(Measured diffuser temp) [C]

Figure 2.8. Continued.
As discussed above, EnergyPlus is unable to provide detailed air pattern information for
the entire thermal zone. However, it is not necessary to know the air velocity and
temperature at every point in the floor plenum in order to perform the energy
consumption calculation. For calculation of thermal loads, it is sufficient to accurately
predict the heat transfer between the floor plenum and other thermal zones, and the outlet
air temperature in the floor plenum with the inlet air temperature and air flow rate known.
Therefore, one of the goals in this thesis is to study whether the non-uniform air flow in
the floor plenum affects the prediction of the outlet air temperature in the floor plenum
and the calculation of the thermal loads.

2.3.

Conclusion

Room air stratification and vertical temperature profile have been taken into account in
many energy simulations for buildings with UFAD systems, whether CFD is coupled
with another type of simulation or a simple model is developed to predict the temperature
profile. However, few of the investigations have considered the influence of non-uniform
flow in the floor plenum and heat transfer through the slab on the energy performance of
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UFAD systems. In addition, most of the simulations have been performed for geographic
locations with mild climates where buildings need cooling most of the time throughout a
year, and scant attention has been paid to the heating mode. Few studies have performed
heating mode simulations, and the analysis of the energy consumption on heating has
focused primarily on reheat energy consumption or heating coil energy consumption in
order to provide an appropriate supply air temperature during the cooling mode.

Based on the previous discussion, this thesis is to investigate the effect of the heat
transfer across floor slabs on the energy simulations of buildings with UFAD systems as
well as influence of the non-uniform flow in floor plenums. It aims at systematically
analyzing the energy flow in buildings with UFAD systems combining the conclusions of
room air stratification from previous studies and the impacts of floor plenums.
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CHAPTER 3. ENERGYPLUS MODEL FOR SIMULATING UFAD SYSTEMS

As discussed in Chapter 2, EnergyPlus was selected as the tool for building energy
simulation in this study. This chapter aims at introducing EnergyPlus models developed
to perform energy simulation for buildings with UFAD systems. The calculation of
thermal load using the model was validated by comparing to experimental results and
will be discussed in Chapter 4.

3.1.

Introduction

Originally released in 2001, EnergyPlus is in widespread use for building energy
simulation. As an energy simulation program, EnergyPlus was developed in order to
combine the best features of the BLAST (Building Load Analysis and System
Thermodynamics) and DOE-2 programs. Written in an older version of FORTRAN, both
BLAST and DOE-2 are difficult to maintain, modify, and support. These difficulties can
be attributed to confusion over the flow of information the programs as a result of their
“spaghetti code” nature (EnergyPlus, 2012). At the same time, neither program has the
ability to simulate loads, systems, and plants simultaneously.

Although EnergyPlus was developed on the basis of algorithms and subroutines from
BLAST and DOE-2, it also incorporates a number of improvements. First, the
“ManageSimulation” subroutine was added to connect and control several main
simulation loops. This subroutine makes the connection between modules clear, explicit,
and easy to check and manage. A second improvement is the integration of load, system,
and plant simulations. Unlike previously released energy simulation programs which first
determine the loads and then perform an analysis of systems and plants, EnergyPlus

23

allows the simulation outputs for systems and plants to affect the thermal loads of the
buildings and therefore provides greater overall accuracy. Third, the code for EnergyPlus
is open to the public and can be conveniently revised by users as necessary. An
increasing number of models and functions are being added to EnergyPlus. In the latest
version, EnergyPlus can simulate air temperature stratification using a variety of room air
models. In addition, EnergyPlus is now able to simulate buildings with multiple thermal
zones. This ability makes it possible to simulate buildings with UFAD systems which
have floor plenums under occupied rooms. Because of the above advantages, this study
uses EnergyPlus to perform energy simulations and analyze the energy performance of
the UFAD systems compared to the well-mixed systems.

The factors affecting the energy performance of buildings can be divided into two groups:
building and HVAC system, and the EnergyPlus model for UFAD systems consists of
building part and HVAC system part as well. From the building point of view, thermal
load is the key point. Higher thermal load leads to higher energy consumption. On the
other hand, because of different HVAC systems, it is possible that the energy
consumptions of two buildings are different even with the same thermal load. The supply
air temperature, COP of the chillers, efficient of the boiler and some other parameters all
play important roles on the energy performance of buildings.

This chapter first presents the principles of energy simulation using the EnergyPlus
program. Then it discusses the development of the EnergyPlus model used for buildings
with UFAD systems including the simulation of thermal loads, various floor plans
configurations, room air stratification and non-uniform air flow in floor plenums. The
following section focuses on the simulation of HVAC systems.

24

3.2.

Principles of Energy Simulation in the EnergyPlus Program

EnergyPlus uses the predictor-corrector approach to integrate the simulation of thermal
loads in a building with the simulation of a HVAC system. The air heat balance in a
thermal zone is shown in the following equation (EnergyPlus, 2012):
̇

∑
̇

∑

∑
̇

̇

,

(3.1)

where

: energy storage of the zone air,
̇ : sum of the heat convection rates from internal loads in the thermal zones such as

∑

equipment, occupants,
∑

: sum of the heat convection rate from the surfaces in the

thermal zones,
∑
̇

: heat transfer rate because of interzone air mixing,

̇

: heat transfer rate because of infiltration of outside air,

̇ : energy provided by the air system (HVAC system) to the zone which can be written
as the enthalpy difference between the air entering and leaving the zone,
̇

̇

.

The “ThreeOrderBackwardDifference” algorithm is applied to calculate the derivative
term:

)

(

)

.

Combining equation 3.1 and 3.2 yields the zone temperature corrector equation:

(3.2)
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̇

∑

∑

∑
( )

̇
∑

̇

̇
∑
̇

̇

̇

(3.3)

The program starts by estimating the energy provided by the air system for the heat
balance, with the zone air temperature as the setpoint temperature is. After the energy
demand has been determined, an air system simulation is performed in order to calculate
the actual supply capability. This calculation may also require a plant simulation. Next,
equation 3.3 is used to obtain the zone temperature. The entire process is known as the
predictor-corrector method for integrating a building with a HVAC system (EnergyPlus,
2012).

3.3.

EnergyPlus Model for a Building with a UFAD System
3.3.1. Calculation of Thermal Loads

In a building, the thermal load of a zone can be calculated using the following equation
(EnergyPlus, 2012):
̇

∑

̇

∑

∑
̇

̇

where
̇ : sum of the heat convection rate from the internal loads such as equipment,

∑

occupants,
∑

: sum of the heat convection rate from the surfaces in the

thermal zones,
∑
̇

̇

: heat transfer rate because of interzone air mixing,
: heat transfer rate because of infiltration of outside air.

(3.4)
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If a HVAC system has sufficient capacity that could satisfy the heating and cooling
requirements all the time, ̇

̇

( ̇

is the energy provided by the HVAC

system to the zone in equation 3.1). If the HVAC system cannot meet the requirement,
then the air temperature in the thermal zone will vary and there is thermal storage in the
air. This investigation only discusses the situation when the HVAC system has enough
capacity to satisfy the thermal comfort requirements.

Since this thesis studies the energy performance of the UFAD systems, especially
comparing to the well-mixed systems, the simulation and analysis of the results should
focus on the difference between them. Based on this, the cases can be simplified to some
degree. It is reasonable to simplify the problem by assuming there is no infiltration and
air mixing between zones at the same horizontal level (there was definitely air travelling
from a floor plenum to a room and from a room to a ceiling plenum). This means the
items ∑
̇

and

̇

in the equation 3.4 are both zero for

all the zones and equation 3.4 is simplified as equation 3.5.
̇

∑

̇

∑

.

The convective heat transfer from the internal load ∑

(3.5)
̇ is determined by the internal

heat load power and its ratio of convection part over total power. The internal load in the
floor and ceiling plenums are zero because there is no lighting, equipment or occupants in
these zones. Therefore, the term ∑

̇ is zero in these zones. The internal load profiles

in the occupied rooms vary according to the functions and configurations of different
buildings. If the measured or designed data is not available, the reference data from the
example file “RefBldgMediumOfficeNew2004_Chicago.idf.” of EnergyPlus (Version 7.1)
can be adopted.

27

The convection from the surfaces ∑

actually connects the energy

balance of the air and the surface. The surface heat balance is determined by equations
3.6 and 3.7 for the outside and inside wall surfaces, respectively (EnergyPlus, 2012):

,

(3.6)

where
: heat flux rate absorbed by the surface from direct and diffuse solar radiation (short
wavelength),
: heat flux rate because of the thermal radiation with air and surroundings (long
wavelength),
: convective heat flux rate from outside air,
: conductive heat flux from the surface into the inside wall.

,

where
: heat flux because of the radiation between zone surfaces (long wavelength),
: heat flux from the lights in the zone to the surface (short wavelength),
: radiant heat flux from the equipment in the zone (long wavelength),
: conductive heat flux from inside wall to the surface,
: heat flux absorbed by the surface from the transmitted solar radiation through
windows,
: convective heat flux rate from the air in the zone.

(3.7)
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Because only the inside surface has the convective heat transfer with the zone air, the
convection rate from the surfaces ∑

can be written as the

following equation according to the surface balance equations 3.7:

∑

∑

∑

.

(3.8)

Positive values of the items

,

,

,

,

and

in equation 3.8 mean

the heat transfer from other sources into to the surfaces. The negative sign in equation 3.8
is because the item ∑

stands for the convective heat transfer from

the surface to the zone air, which is the opposite direction compared to previous items.
The sign of ∑ means the summation of all surfaces in a zone. It is easy to know that for a
thermal zone, the summation of the radiant heat flux among all the surfaces is zero since
how much radiant heat released from a surface leads to the same amount of the heat
absorbed by other surfaces in the zone, that is:

∑

.
and

(3.9)

stand for the radiant heat flux from the lights and the equipment. For the

buildings with the same internal load, their values are the same, no matter which kind of
ventilation system and air distribution strategy to use. The summation of them for all the
surfaces in a thermal zone is actually equal to the radiation part of the total internal heat
load

∑

.

(3.10)
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The conductive heat flux from the inside of the construction (including the ceiling, floor)
to the surface

is actually related with many factors such as the thermal storage of the

construction, the heat transfer from the outside surface which is related with the solar
radiation, the thermal radiation with the outdoor air and surroundings and the convective
heat flux rate from the outdoor air. In order to determine the conduction through the walls,
the “ConductionTransferFunction” (CTF) algorithm is used. It treats the heat flux on one
side of an element as a function of an infinite series of temperature histories on both sides
(EnergyPlus, 2012).
∑

∑

∑

∑

∑

∑

,

(3.11)

,

(3.12)

where
: inside heat flux per unit area,
: outside heat flux per unit area,
,

,

,

: CTF coefficients,

coefficient and

is the outside CTF coefficient,

is the inside CTF coefficient,

is the cross CTF

is the flux CTF coefficient.

in the equation 3.8 means the heat flux from the transmitted solar radiation through
windows and is related with parameters such as the window-wall ratio, weather. However,
those parameters will not be set as different values for different cases in this study. The
solar radiation information comes from the weather data. For the floor and ceiling
plenums, the solar radiation is zero all the time.

In order to understand the influence of the heat transfer through a floor slab, the heat
transfer through the floor slab throughout the day should be calculated and analyzed.
Slab-related heat transfer occurs on both sides of the slab, as shown in Figure 3.1.

30

Floor plenum

Floor Slab

𝑞𝑐𝑜𝑛𝑣

𝑞𝐿𝑊𝑋
𝑞𝑘𝑖

Ceiling plenum

Figure 3.1. Schematic of energy flow through a slab.
Because there is no lighting or electrical equipment in the floor plenum, the heat flux
terms due to radiation from lights and equipment are both zero in equation 3.7. In
addition, the opaque raised floor prevents solar radiation from reaching the floor plenum
zone; hence, there is no heat flux resulting from transmitted solar radiation. Therefore, for
the top surface of the floor slab, which can be regarded as a part of the floor plenum zone,
the surface balance equation can be written as follows, in accordance with equation 3.7:

.

(3.13)

refers to the radiative heat flux from other surfaces of the floor plenum into the
floor slab and for the bottom surface it is the heat flux from surfaces of ceiling plenum.
shows the conductive heat flux from the wall to the inside surface whose direction is
from up to down for the top side of the slab and in reverse for the bottom surface.
means the convective heat flux rate from the zone air. For the top side of the slab,
the convection happens between the air in the floor plenum and the slab surface while
between the air in the ceiling plenum and the slab for the bottom surface of the slab.

A positive value in equation 3.13 indicates that there is heat transfer to the surface from
the air, other zone surfaces, or the inside of the slab. The sum of the radiant and
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convective heat transfer is regarded as the heat transfer between the floor plenum and the
floor slab

shown in equation 3.14.

.

(3.14)

Similarly, there are no lights, electrical equipment, or transmitted solar radiation in the
ceiling plenum. Therefore, the bottom surface of slab has the same surface balance
equations as the top surface (equation 3.13, 3.14).

is used to stand for the

heat flux between the bottom surface of the slab and the air in the ceiling plenum.

Considering the energy balance of the floor slab itself, the sum of the heat transfer at both
sides of the slab (

and

) is the energy stored in the slab. For the

steady simulation case, the slab temperature will not change as time which means there is
no energy stored in the slab continuously. In other words, the heat transfer from the
ceiling plenum to the slab will be the same value as the heat transfer from the slab to the
floor plenum. However, for the transient simulation case, the temperature of the slab
surface will change since the heat transfer at two surfaces of the slab will not be the same
value and there is heat stored in the slab.

3.3.2. Air Flow through Diffusers and Various Floor Plans for UFAD Systems
In a building with a typical UFAD system, conditioned air is delivered into a floor
plenum under a raised floor first. Then the air travels into the occupied room through
diffusers in the raised floor as a result of the pressure difference between the room and
the floor plenum. However, direct simulation of air exchange because of pressure
difference between two vertical thermal zones is not possible in the EnergyPlus program
because, unlike CFD, the program does not solve the Navier-Stokes equation, and it
cannot obtain detailed air distribution information within thermal zones.
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In order to simulate the air flow from the floor plenum to the occupied zone through
diffusers, the “AirTerminal:SingleDuct” components are used in this study. After the
inlet and outlet nodes of the air terminal unit have been defined, the program can provide
information about the air temperature and flow rate at the diffusers.

It should be emphasized that the air terminal units function only as diffusers in the
situation discussed above. The air temperature will stay virtually the same as it passes
through the regular diffuser (in some cases, people install heating coils under diffusers
which will be discussed further in this chapter). However, actual air terminal units may
be in practice used to reheat the air and the EnergyPlus program has various air terminal
components with various functions. Therefore, the user should be very careful when
selecting any of the “AirTerminal:SingleDuct” components. For example, if an
“AirTerminal:SingleDuct:VAV:Reheat” component is used to simulate the air flow
between the floor plenum and the occupied zone in a building with a UFAD system, this
component will increase the simulated air temperature when the air travels through the
region during the heating mode. As discussed before, the air temperature will stay
virtually the same as it passes through the regular diffuser. In this situation, the use of
“AirTerminal:SingleDuct:VAV:Reheat” component is not reasonable.

Another factor which should be considered when selecting air terminal components is the
floor plan of the UFAD system. There are a few possible floor plans for buildings with
UFAD systems, as shown in Figure 3.2.
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Ceiling plenum

Light fixture serving as
return air path

VAV box/Terminal unit
Plenum partition Supply duct
Floor
Perimeter zone

Interior zone

Multi-zoned, extensive perimeter-ductwork
Figure 3.2. Possible floor plans for buildings with UFAD systems (CBE, N.d.).
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Ceiling plenum

Light fixture serving as return air path

Plenum partition Supply duct Floor diffuser
VAV box/Terminal unit
Perimeter fined tube coil
Perimeter zone

Interior zone

Multi-zoned, limited-perimeter ductwork
Figure 3.2. Continued.
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Heated air out

Room air in

Heating mode:
Dampers closed to plenum,
open to fan coil unit

v

v

Inlet
Discharge Cooling mode:
Dampers open to plenum,
closed to fan coil unit
Supply air out
v

v

Fan

Standard diffuser
Supply air

Heating coil
Damper

Controlled diffuser
Open-plan plenum
Figure 3.2. Continued.

In the first floor plan shown in Figure 3.2, warm air is delivered directly (actually there is
reheat in the floor plenum, but it heats the air before it travels into the floor plenum and it
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is just like the warm air is delivered into the floor plenum directly) into the floor plenum
during the heating mode. The air in the floor plenum has a high temperature, but the
temperature will decrease as the air passes though the plenum. Therefore, the air
temperature at the diffuser is lower than that of the original supply air. In this floor plan,
order to minimize air heat loss from the floor plenum to the surroundings, a large number
of ducts are required. If there is only a single supply duct in a large floor plenum, the air
temperature at the diffuser is much lower than that of the conditioned air, and the
building will consume a large amount of air for heating. In the EnergyPlus simulation for
this case, “AirTerminal:SingleDuct” components without reheats should be used to
simulate the diffusers. The air terminal units function only as diffusers connecting the
floor plenum and the occupied room, and the air temperature does not change when the
air travels through the components.

The second floor plan in Figure 3.2 has been used in many existing buildings. In this case
heating coils are installed in the floor plenum under the diffusers. This floor plan is the
same as previous plan during the cooling mode. During the heating mode, however, the
conditioned air is supplied simultaneously to the internal and perimeter zones, whose
temperature is much lower than room air temperature. Before the air travels into the
perimeter rooms through the diffusers, it is heated by the heating coils under diffusers in
order to meet the occupants‟ thermal comfort requirement. In contrast to the first floor
plan during the heating mode, the air in the floor plenum of the second plan has a much
lower temperature, so that there is less heat loss through the floor slab. Moreover, far
fewer ducts are required than in the first floor plan. However, the installation costs
increase drastically compared to the first plan since the second floor plan needs such a
large number of heating coils. In order to simulate this floor plan in EnergyPlus, the
“AirTerminal:SingleDuct” components with reheat should be used. These components
not only function as diffusers but also as heating coils, which heat the air before it goes
into the occupied zone.

37

The third floor plan in Figure 3.2 is known as the “open plan” (CBE, n.d.). There are no
partitions between interior and perimeter zones in the floor plenum. In this case,
conditioned air is delivered to the interior area directly. During the cooling mode, the air
in the floor plenum travels into the occupied room with the help of the pressure
difference in both interior and perimeter areas. In the heating mode, the air travels in the
same way in the interior area but different in the perimeter areas. Fan coil units are often
used to draw air from the designated floor diffusers and discharge it into the occupied
rooms in the perimeter areas. If necessary, the reheats in the fan coil units can provide
additional heating. However, the “AirTerminal:SingleDuct” components in the current
version of EnergyPlus cannot perfectly simulate such a situation in which the fan coils
draw air from designated diffusers into the occupied rooms. Instead of drawing air from
the designated diffusers, these components can only draw the air from the floor plenum
and the air flow path is actually the same as the second floor plan. Because the third floor
plan cannot be simulated using current EnergyPlus, this thesis just focuses on the first
two floor plans.

3.3.3. Room Air Model
As discussed in Chapter 2, many previous studies have analyzed the vertical air
temperature stratification in a room with a UFAD system and have developed simplified
models to predict temperature gradients. In the EnergyPlus program, a set of room air
models accounts for the room air temperature stratification, as shown in Table 3.1. The
“Under-Floor Air Distribution Interior Zone Model” and “Under-Floor Air Distribution
Exterior Zone Model” (EnergyPlus, 2012) enable the program to predict the vertical
temperature profile according to the type and number of diffusers, thermal load, and air
flow rate.
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Table 3.1. Summary of room air models in EnergyPlus (EnergyPlus, 2012).
Air model name

Applicability

Input Objects Required

Well-mixed

All zones

None, default

User Defined

Any zone where

„RoomAirModelType‟,

the user has prior

„RoomAir:TemperaturePattern:

knowledge of the

UserDefined‟,

temperature

„RoomAir:TemperaturePattern:xx‟

pattern
One-Node

Displacement

„RoomAirModelType‟,

Displacement

ventilation in

„RoomAirSettings:OneNode

Ventilation

typical office-type

DisplacementVentilation‟,

(Mundt)

zones

„RoomAir:Node‟

Three-Node

Displacement

„RoomAirModelType‟,

Displacement

ventilation

„RoomAirSettings:ThreeNode
DisplacementVentilation‟,

Ventilation
(UCSD)
Under-Floor

Interior zones

„RoomAirModelType‟,

Air Distribution served by a UFAD

„RoomAirSettings:UnderFloorAir

Interior Model

system

DistributionInterior‟

Exterior zones

„RoomAirModelType‟,

(UCSD)
Under-Floor

Air Distribution served by a UFAD

„RoomAirSettings:UnderFloorAir

Exterior Model

system

DistributionExterior‟

Cross ventilation

„RoomAirModelType‟,

(UCSD)
UCSD Cross
Ventilation

„RoomAirSettings:CrossVentilation‟
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For the simulation in this study, the “Under-Floor Air Distribution Interior Zone Model”
is used for the interior zone, and the “Under-Floor Air Distribution Exterior Zone Model”
is used for all perimeter (exterior) zones.

3.3.4. Non-uniform Flow in the Floor Plenum
Another difficulty in performing a simulation for a building with a UFAD system is
caused by the non-uniform air flow in the floor plenum, as discussed in Chapter 2. The
air velocities and temperatures at different locations in the floor plenum might be very
different from each other, resulting in a difference in heat flux at different locations.
During the cooling mode, because the air close to the supply duct has a high velocity and
a low temperature, the convection coefficient is high. As a result, there is considerable
heat transfer between the air and the floor plenum surfaces. As the air travels farther, its
velocity decreases because of the resistance of the walls, the pedestals which support the
tiles and other equipment installed in the floor plenum. In addition, the heat transfer
between the air and the floor plenum surfaces leads to a higher air temperature and
decreased temperature difference between the air and these surfaces. Hence, the heat flux
decreases as the air flows farther into the plenum from the inlets. Because the prediction
of heat flux is directly related to the thermal load calculation, it is important to make a
clear understanding of the influence of the non-uniform flow in the floor plenum on the
energy flow.

In order to study the impact of non-uniform flow in the floor plenum on the thermal load
calculation, two cases can be simulated and compared with each other. In one case, the
floor plenum is divided into several subzones in order to simulate the temperature
differences in the plenum. In the other case, the floor plenum can be treated as a single
zone. If these two cases lead to similar air temperatures at the outlets of thermal zones
and similar thermal loads in the building, the effect of non-uniform flow can be neglected.
In other words, although the air velocity and temperature distributions in the floor plenum
are non-uniform, this non-uniformity would not influence the energy performance
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analysis and the floor plenum can be regarded as a uniform zone in energy simulations.
On the other hand, if there is big difference between the results of these two cases, the
impact of non-uniform air flow cannot be ignored.

Previous discussion shows that it would be useful if the influence of the non-uniform air
distribution in the floor plenum could be determined and expressed in a simple format
which simplifies the floor plenum as a uniform zone. And in order to accurately calculate
the thermal load with this simplification, it is important to choose the appropriate
convection coefficient algorithms.

In actual fact, the heat flux between the air and surfaces in the floor plenum can be
described as:

,

(3.15)

where
: heat flux between the air and the surface in the floor plenum,
: area of the surface,
: temperature of the surface in the floor plenum,
: temperature of the air close to the surface,
: convection coefficient which depends on the temperature of air, surface, air velocity
and construction material.

The heat flux, surface temperature, air temperature, and convection coefficients all vary
according to the location within the floor plenum. For simulation of a single thermal zone
in EnergyPlus, however, the temperature across a given horizontal surface is uniform. In
this situation, the heat flux between the air and floor plenum surfaces can be written as:
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,

(3.16)

where

: heat flux between the air and the surface in the floor plenum,
: area of the surface,
: temperature of the surface in the floor plenum,
: air temperature in the floor plenum,
: average convection coefficient between the air and the surface in the floor
plenum.

The goal is to make a good prediction of the heat flux

and also the surface temperature,

because surface temperatures determine the level of radiation between room surfaces
which affects thermal load calculation. At the same time, the air temperature at the
diffuser should be predicted correctly so that the energy simulation of the occupied zone
is reasonably accurate. In summary, the surface temperature

in equation 3.16

should be the same as that in equation 3.15, as should the heat flux ; and the air
temperature

in equation 3.16 should be the air temperature at the diffuser (the outlet

of the floor plenum), which is not the same as

in equation 3.15. A

comparison of equations 3.15 and 3.16 shows that the convection coefficient in equation
3.16 is not the actual value for a specific location but rather an average value for the
entire zone. Hence, in an energy simulation using EnergyPlus, the so-called surface
convection coefficients refer to the average convection coefficients, and it is important to
predict these coefficients correctly.

In the EnergyPlus program, the calculation of convection coefficients is very flexible.
The user can select from different algorithms for calculating convection coefficients. In
addition to those algorithms, the user can also input the convection coefficients directly
using the component “SurfaceProperty:ConvectionCoefficients”.
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As the outdoor air temperature and internal heat load fluctuate, the conditioned air flow
rate changes accordingly, so that the air velocity in the floor plenum also changes. In
actual fact, the air flow rate through the floor plenum is not consistently high throughout
an entire day. Even when the air velocity is very high at the supply duct and the inlet of
the floor plenum, the velocities in most regions of the floor plenum are very low because
of the resistance of the pedestals and other equipment. In the floor plenum zone as a
whole, the average convection coefficient is close to that for natural ventilation (Jin, et al.,
2006). Because of this, the TARP (Thermal Analysis Research Program) algorithm is
used to obtain the convection coefficient in the floor plenum in this investigation. It was
developed by Walton (Walton, 1983) and used to predict the convection coefficients of
natural ventilation according to temperature difference. For the outside surface of
buildings, the DOE-2 algorithm is applied which is the default choice in the EnergyPlus
program.

3.4.

Simulation of HVAC System

This study focuses on the energy performance of a building with a UFAD system and
compares this system to a conventional well-mixed system. The same HVAC system was
used for all simulation cases, and a schematic of the system is shown in Figure 3.3.
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Outside Air
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Cooling Coil

Return air

Compressor
Condenser
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Building
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Heating Coil

Boiler Loop

Fan

Supply air

Figure 3.3. Schematic of HVAC system used for simulation.
The “Chiller:Electric:EIR” and “Boiler:HotWater” components were used to simulate the
plant loop shown in Figure 3.3. “Chiller”Electric:EIR”, an empirical model from the
DOE-2 program, simulates the chiller operation on the basis of a set of curves as well as
the reference conditions. The chiller consumes electricity for cooling. The
“Boiler:HotWater” component, an empirical model from the BLAST program,
determines the boiler performance on the basis of nominal thermal efficiency.
In the EnergyPlus program, air flow in the HVAC system is realized by defining “nodes”
that connect various components of the HVAC system. Air property information such as
flow rate and temperature is stored in these nodes. When the order of the connecting
components and the direction of air flow have been defined by the user, the program can
use the flow rate, temperature, and other information to perform an energy simulation for
the HVAC system.
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The user should also consider the control system when conducting energy simulations
using EnergyPlus. In general, a building with a UFAD system uses a VAV system, in
which the flow rate can be controlled locally by occupants in accordance with their
thermal comfort requirements.
The components “AirTerminal:SingleDuct:VAV:Reheat” and
“AirTerminal:SingleDuct:VAV:NoReheat” have similar control systems. During the
cooling mode, the supply air temperature is fixed, and the air terminal units control the
flow rate to satisfy the thermostat requirements. During the heating mode, however, these
units are transferred to CAV systems, which maintain the supply air flow rate at the
minimum volume rate. If a reheat is used, the heating coil in the reheat changes the air
temperature through the air terminal unit in response to the thermostat setting in the zone.
The “AirTerminal:SingleDuct:VAV:HeatAndCool:NoReheat” and
“AirTerminal:SingleDuct:VAV:HeatAndCool:Reheat” components are similar to the
previous components and they operate in the same way during the cooling mode.
However, these “HeatAndCool” components use VAV control systems in the building
during both the heating and cooling modes, which vary the air flow rate under a constant
supply air temperature in winter. Different control systems may have different effects on
heat transfer in the floor plenum and therefore on the overall energy performance of
buildings. In this study, the “HeatAndCool” components were used for all the simulation
cases.

This chapter reported the model development for simulating buildings with UFAD
systems using EnergyPlus. The models for buildings with UFAD systems were
introduced considering various floor plan configurations, the selection of room air models
as well as the HVAC systems. Next chapter will discuss the validation of the model.
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CHAPTER 4. EXPERIMENTAL STUDY AND VALIDATION OF THE
ENERGYPLUS MODEL

Although the EnergyPlus program has been in use for more than ten years, experimental
validation is still required for the energy simulation of buildings with UFAD systems
because the simulation model for such systems is not yet in widespread use. Prediction of
thermal load is the basis for energy performance analysis. The objective of this chapter is
to validate the thermal load calculation with the EnergyPlus model discussed in Chapter 3.
The room air models used in the current study have been validated (Webster, et al., 2008)
by other researchers. In addition, this study focuses on the overall energy performance of
a building with a UFAD system, but not on air stratification within an occupied room.
Therefore, only limited data for air temperature and velocity in an occupied room above a
raised floor were measured. Significant attention is given to the air temperatures at the
inlet and outlet of each thermal zone because they are closely connected to the thermal
load of the zone.

The experiments were performed in an environmental chamber in the Ray W. Herrick
Laboratories at Purdue University. In addition to evaluating the model for simulation of a
building with a UFAD system, the validation will also demonstrate the author‟s
competent use of the EnergyPlus program. This chapter first discusses the experimental
methods and equipment, and then the simulation results are reported compared with the
experimental data.

4.1.

Experimental Method

In order to validate the EnergyPlus model‟s ability to predict the thermal load of a
building with a UFAD system, experiments were conducted in an environmental chamber
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in the Ray W. Herrick Laboratories at Purdue University. Figure 4.1 depicts the layout of
the test chamber, which simulates a small office with a UFAD system. This chamber had
dimensions of 4.80 m 4.20 m  2.73 m, including a floor plenum with a height of 0.30
m and 0.03 m thick raised floor panels. There were 42 interchangeable raised floor panels
with dimensions of 0.60 m  0.60 m  0.03 m. The chamber contained several pieces of
furniture and heated boxed which were used to simulate internal loads such as electrical
appliances, occupants, etc. The supply air duct was connected to the inlet in the floor
plenum, and two linear grill diffusers were installed inside the room.
Exhaust

Lights

Room

Heated boxes to
simulate occupants
and equipment

Desk

Diffusers
Floor plenum

Conditioned air inlet

Figure 4.1. Layout of environmental chamber used for validation experiments.
Highly insulating materials with a thermal resistance of 5.45 m2-K/W were used for the
walls and ceiling (Jiang, et al., 2011). The raised floor panels were made of lightweight
cementitious material with welded steel as an outer shell, and they had a thermal
resistance of 0.16 m2-K/W. All gaps between panels were sealed carefully with tape (the
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yellow tape shown Figure 4.1) in order to prevent infiltration between the floor plenum
and office room. Three double-glazed windows with dimensions of 1.55 m 1.55 m and
thermal resistance of 0.25 m2-K/W were installed in the east wall of the chamber. Internal
heat loads were provided by lights and heated boxes, and their measured power levels are
listed in Table 4.1.
Table 4.1. Power data for lights and heated boxes in the experimental chamber.
Number

Power
[W]

1

43.0

2

44.0

3

26.5

4

43.5

Heated boxes

1

93.3

representing

2

84.0

Heated boxes

1

65.0

representing pieces of

2

65.0

equipment

3

65.0

Lights

occupants

Omni-directional hot-sphere anemometers were used to measure the temperature of the
conditioned air at the supply inlet to the floor plenum, at the diffusers in the raised floor,
and at the exhaust. Their specifications are shown in Table 4.2. In order to study the nonuniform flow in the floor plenum, the air velocity and temperature at different locations
in the floor plenum were also measured using the anemometers. Eight anemometer
probes were placed at a height halfway up the floor plenum (0.15 m from the floor slab),
and their locations are shown in Figure 4.2. The anemometers were attached to pedestals
made from steel rods with a diameter of 2 cm. The pedestals were placed at least 20 cm
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away from the probes, so that they would not affect the air velocity and temperature data
measured by the anemometers.
Table 4.2. Anemometer specifications.
Velocity range

0.05-5.00m/s

Velocity

0.01m/s

repeatability
Temperature range

0.0-60.0°C

Temperature

0.3°C

accuracy

1

2

3

4

5

6

7

8

Conditioned air

Figure 4.2. Anemometer locations in the floor plenum.
The external surface temperatures of the chamber were used as the boundary conditions
for the energy simulation using EnergyPlus, and the internal surface temperatures were
included in the data for validation. All surface temperatures were measured by T-type
thermocouples (Figure 4.3) whose specifications are provided in Table 4.3. The surface
temperatures were measured at upper, middle, and lower positions on each wall and at six
places on the floor slab and ceiling. Figure 4.5 indicates the locations of the
thermocouples. At each location on the wall and ceiling, there were two thermocouples:
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one on the internal surface and the other on the external surface. On the floor slab, there
were three thermocouples at each location (Figure 4.4)

Figure 4.3. T-type thermocouple.
Table 4.3. Thermocouple specifications.
Material

Copper-Constantan

Insulation

PFA

Weight

0.5kg/300m

Size

0.5mm1.0mm

Temperature range

-60.0-100.0°C

Temperature accuracy

±0.3°C
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Floor slab

Surface

Figure 4.4. Locations of thermocouples on the walls, ceiling and floor slab.
The surface temperatures of the raised floor were also measured using T-type
thermocouples at sixteen locations, eight on either side of the room (Figure 4.5). The
average surface temperatures from the experiments were later compared with simulation
results.
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1

2

3

4

5

6

7

8

Conditioned air

Figure 4.5. Locations of thermocouples on the raised floor.
All the thermocouples were connected to a Keithley Model 2750 Multimeter/Switch data
acquisition system (Figure 4.6), which was used to obtain and store temperature data and
transfer the data to a computer.

Figure 4.6. Data acquisition system.
The experiment was conducted under steady state conditions in summer, and the HVAC
system was controlled by a software program “Insight”. The inlet temperature was
17.3°C, and the air change rate was 6 ACH. The temperatures of the exterior surfaces
were used as boundary conditions for EnergyPlus simulations. The measurement results
are shown in Figure 4.7.
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Figure 4.7. Measured temperatures of exterior surfaces (°C).
4.2.

CFD and EnergyPlus Simulation
4.2.1. CFD Simulation

In order to understand the influence of the non-uniform flow and the air distribution in
the floor plenum, this study performed a CFD simulation for the floor plenum. The CFD
program provides a detailed analysis of air distributions in thermal zones by solving a set
of partial differential equations (the laws of conservation of mass, momentum, and
energy). The simulation in this study was performed using a commercial CFD program
(FLUENT) with the SIMPLE algorithm and the RNG k-ε turbulence model (Lau, et al.,
2007). Grid resolution is a critical factor in the accuracy of CFD simulation results, and
Zhai and Chen (Zhai, et al., 2004) have recommended a grid size of less than 0.1 m (4 in).
After a grid independence test had been performed, a grid with 71404 hex cells was
adopted. Near the surfaces of the floor plenum, the grid size was 0.03 m.
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The inlet temperature and velocity were set as 17.3°C and 1.6 m/s in the CFD simulation,
respectively, according to experimental measurements. The air flow rate was measured
using a tracer-gas method (Olsen, 2002). Data from the anemometers were collected to
determine the turbulence intensity at the supply inlet according to the following equation:

,

(4.1)

where

: root-mean-square of the turbulent velocity fluctuations,
U: mean velocity.

Inlet velocity

Velocity (m/s)
2
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2
0

100

200

300

400

500

600
700
800
Number of data collection iterations

Figure 4.8. Inlet velocity versus number of data collection iterations.
Figure 4.8 shows the inlet air velocity as measured by one of the anemometers after
steady-state flow had been obtained. Using the measured data, the turbulence intensity
can be calculated by equation 4.1; in this case, it was 5.37%. Because the inlet for
conditioned air had dimensions of 0.3 m  0.3 m, the hydraulic diameter of the inlet was
set at 0.3 m.
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The boundary conditions for CFD simulation were the temperatures of six surfaces: the
top surface of the floor plenum (bottom of the raised floor), the bottom surface of the
floor plenum (top of the floor slab), and the four walls of the plenum. The measured
temperatures for these surfaces, except for the top surface of the floor plenum, are shown
in Figures 4.9. Figure 4.10 shows the surface temperatures at the top of the floor plenum
(the bottom surface of the raised floor), which were also obtained from the thermocouples.

Figure 4.9. Measured temperatures of interior surfaces (°C).

24.85

23.74

21.17

23.07

24.05

24.12

21.82

23.64

Conditioned
air inlet
Figure 4.10. Surface temperatures of floor plenum.
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4.2.2. EnergyPlus Simulation
The objective of a CFD simulation is to understand the air distribution. An energy
performance analysis of a whole building with a UFAD system would require substantial
computing time if CFD was used, especially for a year-round simulation. In this study,
the EnergyPlus program was used to perform a year-round energy simulation. This
section discusses the accuracy level of EnergyPlus in predicting the thermal load when
the inlet and boundary conditions are provided.

The influence of non-uniform flow on the prediction of thermal load was investigated
using two cases with different floor plenum configurations as simulated by EnergyPlus.
In the first case, the floor plenum was divided into three subzones (Figure 4.11)
according to the temperature distribution in the plenum (Figure 4.12). In this case, the
conditioned air was delivered into Subzone 1 first and then into the other two subzones.
In other words, the inlet air temperatures in Subzones 2 and 3 were higher than in
Subzone 1 because the air had already travelled some time before it entered Subzones 2
and 3.

2

1

3

Figure 4.11. EnergyPlus simulation setup for two cases: (a) three subzones in the floor
plenum; (b) a single zone in the floor plenum.
In the second case, the floor plenum was regarded as a single zone, and the temperature
in this zone was uniform. The results of this case were compared with those of the
previous case. If the average zone air temperature, exhaust air temperature, and thermal
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load were the same in both cases, then in the simulation the three-subzone plenum could
be simplified as a single plenum with a uniform air temperature, as discussed in Chapter
3.

For the purpose of validation, the EnergyPlus simulation discussed in this chapter focuses
on the accuracy of the cooling load prediction. The air flow rate and inlet temperature
were set at the measured values: 17.3°C and 1.6 m/s, respectively. Boundary conditions
used in the EnergyPlus program was the exterior surface temperatures of the test chamber,
which can be seen in Figure 4.7. The outdoor air temperature of the test chamber was the
temperature of the laboratory, which was 25.4°C (±0.5°C) during the experimental period.
Because the test chamber was isolated from the laboratory environment by highly
insulating material, the laboratory environment actually had little influence on the indoor
environment of the chamber. Therefore, it was acceptable to fix the outdoor air
temperature at 25.4°C in the EnergyPlus simulation. Material and construction
information as well as the internal heat load in the EnergyPlus simulation are provided in
Section 4.1.

4.3.

Comparison between Experimental and Simulation Results

The air velocity and temperature distributions in the floor plenum from the experimental
measurements as well as simulations are shown in Figures 4.12 and 4.13.
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Figure 4.12. Air velocities in the floor plenum as determined by experimental
measurement and simulation.
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Figure 4.13. Air temperatures in the floor plenum as determined by experimental
measurement and simulation.
It is seen that the air near the inlet had the lowest temperature. As the air traveled around
the floor plenum, it absorbed heat from the raised floor and slab, and its temperature
increased. The temperature difference in the floor plenum can be as high as 4°C.
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Table 4.4 compares the experimental data with the simulated results further. The
agreement between experiment and simulation for surface temperatures, average zone air
temperatures, and exhaust air temperature is quite good. Therefore, EnergyPlus can be
used with the room air model to predict the thermal load of a building with a UFAD
system and to conduct the energy performance analysis.

Moreover, it can be seen in Table 4.4 that the uniform room air temperature model in
Case 2 leads to a similar exhaust air temperature as does the multi-subzone model in Case
1, which implies a similar cooling load. Therefore, when performing a thermal load
analysis, it is safe to regard the floor plenum as a single thermal zone.

Table 4.4. Comparison of simulated and measured temperatures in the chamber (°C).

E+ Simulation
Locations

E+ Simulation Experimental

(Case1)

(Case2)

measurement

Supply air to floor plenum

17.3

17.3

17.3

Air at diffusers

20.4

19.9

20.2

Exhaust air

24.2

24.4

24.2

Top surface of slab

23.6

23.6

23.7

Ceiling surface

25.4

24.7

24.3

North wall of floor plenum

23.7

22.7

23.8

South wall of floor plenum

23.0

22.7

22.7

West wall of floor plenum

23.0

22.7

23.5

East wall of floor plenum

23.0

22.7

22.7

North wall of room

25.5

25.2

25.1

South wall of room

25.2

25.5

24.1

West wall of room

25.2

26.4

24.7

East wall of room

25.2

25.5

25.4
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This chapter introduced the experiments to validate the EnergyPlus model developed in
Chapter 3. Results indicated that the floor plenum could be regarded as a single zone with
uniform temperature and the EnergyPlus could predict the thermal load with enough
accuracy.
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CHAPTER 5. HEAT TRANSFER ACROSS FLOOR SLABS AND ENERGY
PERFORMANCE ANALYSIS OF UFAD SYSTEMS

5.1.

Introduction

As discussed in Chapter 4, the EnergyPlus model developed in Chapter 3 provides a
fairly accurate prediction of the thermal load of a building with a UFAD system. On the
basis of this conclusion, the current chapter presents an energy consumption analysis of a
building in Philadelphia with two different UFAD systems and compares it to that of the
building with a well-mixed system. After a case description, a design day simulation is
reported, along with an energy flow analysis, for further understanding of the impact of
heat transfer across floor slabs. Finally, the simulation results of year-around energy
consumption.

5.2.

Case Description

In order to analyze the energy performance of UFAD systems and compare it to the
performance of conventional well-mixed systems, energy balance simulations for an
office building in Philadelphia with various systems were performed using EnergyPlus.
The building discussed in this section is a “sandwich,” which represents an intermediate
level of a multi-story building. Simulating a “sandwich” building can provide a better
understanding of the average impact of floor plenum heat transfer on the energy
performance of UFAD systems (Figure 5.1).
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Return plenum

N+1 Floor

Room
Floor plenum
Return plenum
N Floor
Room
Floor plenum
Return plenum
Room

N-1 Floor

Floor plenum

Figure 5.1. “Sandwich” building.
The 1200 m2 structure is designed as an office building and is considered medium-sized
according to the DOE classification of building types. Because in the absence of a
detailed design proposal, the input parameters for the simulation cases in this study were
drawn from building standards and reference models. These information sources, along
with the parameter inputs, are presented below.
The building in this study has dimension of 30 m  40 m  3.7 m and five occupied
rooms as five thermal zones respectively: a central zone and four perimeter zones. For
the building with a UFAD system, below each zone is a floor plenum, and above each
zone is a ceiling plenum, as shown in the Figure 5.2. The distance between the internal
and external walls is specified as 5.0 m (Karaguzel, et al., 2011). The height of the floor
plenum is set as 0.3 m, which is a common height in practice, and the ceiling plenum has
a height of 0.7 m. The occupied room thus has a height of 2.7 m. As for the building with
a well-mixed system, there are no floor plenums and the occupied room is 3.0 m high.
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The boundary condition of the ceiling plenum is set as the floor plenum, and the outside
zone of the floor plenum is set as the downstairs ceiling plenum. The reason for this is to
study the average influence of heat transfer through the slab in such a “sandwich”
building,
40.0 m

Ceiling Plenum

0.7 m

Room

2.7 m

Floor Plenum

0.3 m

N

5.0 m
30.0
E

W

5.0 m
S

Figure 5.2. Thermal zone layout of the office building used in this study.
The construction and material information for the building envelope comes from the
example file of EnergyPlus Version 7, “RefBldgMediumOfficeNew2004_Chicago.idf.”
Tables 5.1 – 5.4 provide detailed information.
Table 5.1. Construction information for the building.
Construction

External

Internal wall

Drop

Raised

ceiling

floor

GP01 ½ in

Acoustic

Carpet

gypsum

tile

wall
Mat-sheath

Material

Insulation

GP01 ½ in
gypsum

½ in gypsum

Concrete1

Slab

Concrete2
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Table 5.2. Materials with thermal mass.

Material

Thickness Conductivity Density

Specific
heat

(m)

(W/m-K)

(kg/m3)

Insulation

0.0971

0.045

265

836.8

½ in gypsum

0.0127

0.16

784.9

830

GP01 ½ in

0.0127

0.16

800

1090

Acoustic tile

0.0127

0.057

288

1339

Concrete1

0.038

0.858

1968

836.8

Concrete2

0.1

0.858

1968

836.8

(J/kg-K)

gypsum

Table 5.2. Continued.
Thermal

Solar

Visible

Material

Roughness

Insulation

Medium rough

0.9

0.7

0.7

½ in Gypsum

Smooth

0.9

0.92

0.92

GP01 ½ in

Smooth

0.7

0.7

0.5

Medium

0.9

0.7

0.2

Absorptance Absorptance Absorptance

Gypsum
Acoustic tile

smooth
Concrete1

Rough

0.9

0.7

0.7

Concrete2

Rough

0.9

0.7

0.2
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Table 5.3. Materials without thermal mass.

Roughness

Material

Thermal
Resistance
(m2-K/W)

Thermal

Solar

Visible

Absorptance Absorptance Absorptance

Mat-sheath

Rough

0.3626

0.9

0.7

0.7

Carpet

Very

0.21648

0.9

0.7

0.8

rough

Table 5.4. Glazing material.
Thickness (m)

0.003

Conductivity (W/m-K)

0.0185

Solar transmittance at normal incidence

0.3933

Front side solar reflectance at normal incidence

0.5567

Back side solar reflectance at normal incidence

0.5567

Visible transmittance at normal incidence

0.5079

Front side visible reflectance at normal incidence

0.4421

Back side visible reflectance at normal incidence

0.4421

Infrared transmittance at normal incidence

0

Front side infrared hemispherical emissivity

0.9

Back side infrared hemispherical emissivity

0.9

Dirt correction factor for
solar and visible transmittance
Solar diffusing

1
No

The area ratio of windows in the external walls is 40% and glazing material information
is shown in the Table 5.4.
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In general, there are three sources of internal heat gain in a commercial building: lighting,
occupants, and electrical equipment such as computers. The internal load profiles for
these sources on weekdays, according to the EnergyPlus example file, are shown in
Figure 5.3. It can be seen that during working hours of 8:00 AM to 12:00 PM and 1:00
PM to 5:00 PM, the internal load reaches a peak. The heat load from the occupants
decreases at noon because many people leave the office for lunch. In the evening,
although most people leave the office, some electrical equipment, such as computers,
remains in the powered-on status. Therefore, there is still internal heat loads from
electrical equipment and lighting in the evening. On Saturdays, some people may come to
office and work overtime; the resulting internal load profile is shown in Figure 5.4. It is
assumed that on Sundays and government holidays such as Christmas Day, there are no
occupants in the office and neither lights nor electrical equipment are turned on.
Therefore, there is no internal heat load on these days.
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Figure 5.3. Internal heat load of the office building on weekdays.

67

W/m2
6

Internal heat

5
4

Equipment

3

Lights

2

Occupants

1
22:00

20:00

18:00

16:00

14:00

12:00

10:00

8:00

6:00

4:00

2:00

0:00

0
Time/h

Figure 5.4. Internal heat load of the office building on Saturdays.
The heat from occupants is divided into two parts: radiation and convection. The radiant
fraction is specified simply as 0.3 in this chapter.

The heat from lighting enters the zone in four ways: absorption by the return air (a direct
increase in the temperature at the return air node); absorption by the zone air through
convection; as long-wave (thermal) radiation; and as short-wave (visible) radiation.
These modes of heat transfer, with the exception of convection, are defined in the inputs
field of EnergyPlus. All four are shown in Table 5.5.

Table 5.5. Distribution of heat gain from lighting (as fraction of total heat gain).

Power level
(W/m2)
10.76

Return-air

Thermal

Visible

Convection

temperature

radiation

radiation

to zone air

0.2

0.2

0.6

increase
0.0
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As in the case of the lighting, heat gain from electrical equipment can be divided into
four parts: a lost fraction, long-wave radiation, latent heat and convection. The
corresponding values, as fractions of total heat gain, are shown in Table 5.6.
Table 5.6. Distribution of heat gain from electrical equipment (as fraction of total heat
gain).
Power level
(W/m2)
10.76

Lost

Radiation

0.0

0.5

Latent heat Convection
0.0

0.5

For the building with a well-mixed system, the “RoomAirModelType” parameter is
specified as “Mixing,” so that every occupied room above the raised floor is regarded as
having a uniform air temperature. In the building with a UFAD system, as discussed in
Chapter 3, “UnderFloorAirDistributionInterior” was chosen as the room air model for the
central zone and “UnderFloorAirDistributionExterior” for the four perimeter zones. In all
thermal zones, there is one “LinearBarGrille” diffuser per ten square meters. The set
points for heating and cooling in the occupied room with a well-mixed system are 21°C
and 24°C, respectively. The room with a UFAD system can be divided into an occupied
zone (bottom) and a mixed zone (top). The set points for the occupied zone are 21°C and
24°C, which are the same as those for an entire room with a well-mixed system. The air
temperature of the mixed zone will be higher than that of the occupied zone, so the
average zone air temperature and return air temperature with the UFAD system will be
higher than with a well-mixed system.

Three cases are simulated in this chapter. One of them is a building with a well-mixed
system, while the others are with UFAD systems. In the well-mixed case, conditioned air
is discharged into the room through diffusers at ceiling level throughout the entire
thermal zone at a uniform temperature. The supply air temperature is 13°C during the
cooling mode and 32°C during the heating mode. In the second case, with a UFAD
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system, the supply air is delivered into the floor plenum, and the temperature of which is
16°C for cooling and 32°C for heating. The third case is also with a UFAD system, and it
is the same as the second case during the cooling mode. During the heating mode,
however, cool air at 16°C is discharged into the floor plenum, and heating coils under the
diffusers increase the temperature as required by the heating load. In this situation, the air
temperature in the floor plenum is low, but it increases as the air travels through the
diffusers.

A variable air volume system is used in all three cases. When the air temperature of the
room (for a well-mixed system) or the occupied zone (for a UFAD system) is higher than
24°C, cooling is required, and the HVAC system adjusts the supply air flow rate while
maintaining a constant air temperature of 16°C. Similarly, in the heating mode, the
HVAC system adjusts the supply air flow rate while maintaining a constant air
temperature of 32°C.

Same HVAC systems discussed before are applied for all the cases in this chapter except
for the supply air temperatures which are different between the buildings with the UFAD
and the well-mixed systems. The schematic of the main air system is shown in Figure 3.3
in Chapter 3, including an outdoor air system with an economizer, cooling coil, heating
coil, and fan. The outdoor air system has two inlets, a return air node and an outdoor air
inlet; and two outlets, a mixed air node and a relief air node.

Economizers are used for all the cases in order to make use of free-cooling. There are
many types of controllers for the economizers which are determined by the economizer
limits setup. In this thesis, the simple single-point controller is applied. Because of the
indoor air quality requirement, the minimum fresh air rate has been defined as 0.3L/(s·m2)
(ASHRAE, Standard 62.1-2010). In summer, when cooling is required, if the outdoor air
temperature is higher than the return air temperature, the outdoor fresh air with minimum
rate will be imported and mixed with the return air temperature to provide cooling. On
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the other hand, if the economizer operation is permitted based on the limits and the
outdoor air temperature is lower than the return air temperature, the outdoor air flow rate
is increased beyond the minimum rate. The ratio of the outdoor air and the return air is
determined by the economizer to meet the requirement of the supply air temperature as
well as flow rate.
The “Fan:VariableVolume” component is chosen as the supply fan unit, with an
efficiency of 0.9 and pressure drop of 500 Pa. The cooling coil is modeled using the
“Coil:Cooling:Water” component with the “CrossFlow” heat exchanger configuration.
The design flow rate and the inlet and outlet temperatures of air and water are all
calculated by “Autosize” function in EnergyPlus. Similarly, the “Coil:Heating:Water”
component is chosen for modeling of the heating coil. It is assumed that there is no heat
loss during heat exchange between the air and water.

The plant loop that provides heating and cooling is also shown in Figure 3.3. The plant
loop for cooling uses a chiller as the cooling source. The “CoolingTower:SingleSpeed”
component is used to simulate the cooling tower in the condenser loop. In the absence of
detailed data, the design flow rates of the air and water are calculated automatically by
the EnergyPlus program. The boiler, which consumes natural gas, is the only heat source.
In the absence of detailed data for boiler performance as well, a constant efficiency of 0.8
is applied as a rough estimate for the purpose of simulation. In the simulation cases
without a heating coil in the floor plenum, the plant loop provides heating only for the
coil in the main air system. In this situation, the air terminal units connecting the floor
plenum and the occupied room operate simply as diffusers that allow air flow. In another
case, in which there are heating coils located under the diffusers, the air is heated as it
travels from the floor plenum to the occupied room. In this situation, the heating process
is completed not only in the main air system, but also in the heating coils under diffusers.
Therefore, the plant loop provides heating for both the main air system and the heating
coils in the floor plenum.

71

To analyze the energy performance of buildings with the UFAD and well-mixed systems,
the following part in this chapter will present the simulation results for the thermal loads
of the building, the energy consumption by the chiller, boiler and fan. The components
“Zone/Sys Sensible Cooling Rate” and “Zone/Sys Sensible Heating Rate” (units: W) are
added to the “Output:Variable” in the EnergyPlus program so that the thermal load
information for each time step can be exported as a Microsoft Excel file.
With the thermal load information, the “Chiller:Electric:EIR” component is used to
calculate the energy consumption of the chiller. The “Electric Chiller Model Based on
Condenser Entering Temperature” is used to simulate the performance of the chiller. This
model determines the thermal performance and energy consumption of the chiller
according to the reference conditions and three user-defined performance curves. Further
details are provided in the EnergyPlus Engineering Reference (EnergyPlus, 2012). The
“Boiler:HotWater” component is used to simulate boiler performance. This simple model
calculates the energy consumption of a boiler as a function of nominal boiler capacity and
thermal efficiency input. The fuel type is set as natural gas.

5.3.

Design Day Simulation

To study the influence of heat transfer through a slab on the energy performance of a
UFAD system, this study first performed a design day simulation for summer and winter.
The outside environment information for the summer and winter design days is shown in
Table 5.7. Default values are used for the parameters which are not listed in this table.
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Table 5.7. Outside environment information for summer and winter design days.
Summer design day

Winter design day

July 21

Jan 21

31.7

-10.8

9.4

0.0

Enthalpy

Wet bulb

79100

N/A

101301

101301

Wind speed (m/s)

5

5.2

Wind direction (°)

240

290

No

No

ASHRAETau

ASHRAEClearSky

0.55

0

1.776

0

Date
Maximum drybulb
temperature (°C)
Daily dry-bulb
temperature (°C)
Humidity
condition type
Enthalpy at
maximum dry bulb
(J/kg)
Barometric
pressure (Pa)

Rain/snow
indicator
Solar model
indicator
ASHRAE clear sky
optical depth for
beam irradiance
ASHRAE clear sky
optical depth for
diffuser irradiance
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Figure 5.5 shows the default daily temperature range profile. The temperature at a given
hour of the day can be calculated by the following equation in EnergyPlus:
.

(5.1)

Figure 5.5. Default daily temperature range profile (EnergyPlus, 2012).
Figure 5.6 shows the heat flux at the two surfaces of the floor slab in the office building
on July 21, a typical summer day. It is the average value for all parameter zones and core
zone. Positive values indicate the heat transfer into the slab, while negative values
indicate the heat transfer out of the slab. The algebraic sum of the heat transfer values at
the two surfaces of the slab is equal to the thermal storage.
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Figure 5.6. Heat flux at both surfaces of floor slab in summer: (a) well-mixed, (b) UFAD
without heating coils under diffusers, and (c) UFAD with heating coils under diffusers.
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The above figures illustrate the heat transfer in the floor slab in the simulated building
with a well-mixed system (Figure 5.6(a)), with a UFAD system (Figure 5.6(b)), and with
a UFAD system that incorporate heating coils under the diffusers (Figure 5.6(c)). The
blue lines represent the heat transfer rate from the floor plenum (UFAD system) or the
occupied room (well-mixed system) to the floor slab; the red lines represent the heat
transfer from the downstairs ceiling plenum to the floor slab; and the green lines
represent the thermal storage of the floor slab.

In the cooling mode, the situations in buildings with two kinds of UFAD systems (Figure
5.6(b) and (c)) are exactly same. In these UFAD systems, heat transfer from the floor
plenum to the floor slab consisted of convection between the floor slab and the air in the
floor plenum, and radiation between the floor slab and the other surfaces of the floor
plenum. During working hours, when the HVAC system delivered a large amount of cool
air into the floor plenum, the significant temperature difference between the floor plenum
and the downstairs ceiling plenum led to a high heat transfer rate, as shown in Figure
5.6(b) and (c).

In the building with a well-mixed system, the heat transfer rate at the top surface of the
floor slab was greatly influenced by solar radiation and internal heat sources because
there was no raised floor to obstruct radiation to the floor slab. In the early morning and
evening, heat was transferred from the floor slab to the room because of the low level of
solar radiation and low internal heat load. During office hours, because of the high level
of radiation from internal heat sources and direct sunlight on the floor slab, heat was
transferred from the occupied zone to the slab. When solar radiation from all the
enclosure surfaces in multiple directions was taken into account, it was found that solar
radiation did not reach a peak at noon. Furthermore, the internal heat load decreased at
noon because some occupants left the office for lunch. Therefore, the heat transfer profile
for the well-mixed system had an “M” shape, as shown by the blue line in Figure 5.6(a).
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The HVAC systems started operating at 6:00 AM and were shut off at 10:00 PM. It is
interesting to look at heat transfer during this period because HVAC system operation
affects building energy consumption. As discussed above, the heat transfer of the floor
slab with the well-mixed system was sensitive to internal heat sources. After 6:00 PM,
most of the internal heat sources were out of the office or switched off. Therefore, this
subsection presents the results for two periods of time: from 6:00 AM to 6:00 PM with
significant internal heat sources, and from 6:00 PM to 10:00 PM with insignificant
internal heat sources.

From 6:00 AM to 6:00 PM on the typical summer day, when the internal load was high,
the slab in the building with the well-mixed system absorbed a large amount of heat from
the room (as high as 4 W/m2 at 10:00 AM), which helped to reduce the cooling load.
However, with the UFAD system, the conditioned air produced a low air temperature in
the floor plenum and a significant temperature difference between the cool floor plenum
and the warm downstairs ceiling plenum. This temperature difference caused a large heat
transfer from the ceiling plenum to the floor slab (7 W/m2 at 2:00 PM). This heat transfer
resulted in a high cooling load for the UFAD system during this period.

From 6:00 PM to 10:00 PM on the same day, when the internal load decreased
significantly, the slab temperature in the building with the well-mixed system was much
higher than the temperature with the UFAD system because of the heat stored during the
daytime. As a result, more heat was transferred into the room air from the floor slab,
resulting in a higher room air temperature than that in the building with the UFAD
system. Therefore, the cooling load in the evening was smaller with the UFAD system
than with the well-mixed system.

Figure 5.7 compares the cooling loads of the building with the well-mixed and UFAD
systems on the typical summer day. The red line represents the cooling load with the
UFAD systems, while the blue line represents the cooling load with the well-mixed
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system. The figure shows that during working hours, from 8:00 AM to 6:00 PM, the
cooling load with the UFAD systems was higher than that with the well-mixed system.
This difference was due to heat transfer from the downstairs ceiling plenum to the floor
plenum with the UFAD system. However, in the evening, the cooling load with the
UFAD systems was less than that with the well-mixed system because less heat was
transferred through the floor slab in the UFAD systems. The total cooling load for the day
was 5% higher with the UFAD systems than with the well-mixed system.
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Figure 5.7. Cooling loads for buildings with different systems on a typical summer day.
Figure 5.8 shows the simulated heat transfer through the floor slab on January 21, a
typical winter day. It represents the average value for all parameter zones which need
heating during that day. The core zone actually needed cooling because they were located
in the center and isolated by the internal walls. According to the weather data, on that day
there was not much solar radiation through the windows. With the well-mixed system,
heat transfer to the floor slab was less sensitive to solar radiation than on the typical
summer day. During working hours (from 8:00 AM to 6:00 PM), internal heat gains
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gradually warmed up the floor slab, so that heat transfer decreased during working hours
as shown in Figure 5.8(a). In the building with the UFAD system (Figure 5.8(b)), the
high internal heat gains made the room air temperature quite high, so that only a small
amount of warm air was required from the HVAC systems. Therefore, the air temperature
in the floor plenum was not very high. In addition, the floor slab in the building with the
UFAD system did not absorb the radiation directly from the internal heat and the sun as
that with the well-mixed system did, so the heat transfer to the floor slab was less than
that with the well-mixed system, shown in Figure 5.8(b). As for the UFAD system with
heating coils under diffusers, cool air was delivered into the floor plenum and heated by
the heating coils under diffusers before it went into the occupied room. In this situation,
the air temperature in the floor plenum was much lower than that in the previous case.
Because of the low air temperature in the floor plenum, there was less heat transfer to the
floor slab from the floor plenum but more from the downstairs ceiling plenum compared
to the other two cases (Figure 5.8(c)).
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(a)
Figure 5.8. Heat flux at both surfaces of floor slab in winter: (a) well-mixed, (b) UFAD,
and (c) UFAD with heating coils under diffusers.
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Figure 5.8. Continued.
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In the early morning hours, however, the UFAD system without heating coils under the
diffusers delivered a large amount of heat to the floor plenum, so that the floor plenum
was warm and heat transfer to the floor slab was high, as shown in Figure 5.8(b). The
well-mixed system, on the other hand, did not have a warm floor plenum. Heat transfer
between the occupied room and the floor slab was high, as shown in Figure 5.8(a), but
not as high as that with the UFAD system. In the case of the UFAD system with heating
coils under the diffusers (Figure 5.8(c)), cool air was delivered into the floor plenum and
was then heated as it traveled into the occupied room through the heating coils. Therefore,
the air temperature in the floor plenum was very low, and heat transfer through the slab
was much lower than in the cases shown in Figure 5.8(a) and (b).

In the evening, when the internal heat gains decreased dramatically, the UFAD system
needed to deliver a large amount of heat, as in the early morning hours. Heat transfer to
the floor slab again increased, as shown in Figure 5.8(b). However, the floor slab in the
well-mixed system was warm in the evening because of the heat absorbed during
working hours. The high temperature of the floor slab reduced heat transfer, as shown in
Figure 5.8(a). With the UFAD system with heating coils under the diffusers, thermal
storage in the floor slab was lower, and thus the heat transfer through the slab was higher,
than with the well-mixed system. However, the air temperature in the floor plenum in the
UFAD case with heating coils was much lower than in the UFAD case without heating
coils, so that heat transfer through the slab in the former case was much lower, as shown
in Figure 5.8 (c).

Figure 5.9 compares the heating loads of the well-mixed and two UFAD systems on the
winter day. Again, it is the average value for all parameter zones. The heating load during
working hours, when internal heat sources provided a large amount of heat to the
occupied zone, was much lower than in the early morning and evening. In the buildings
with UFAD systems (no matter for the UFAD with or without heating coils under
diffusers), there was little heat transfer from the floor plenum to the slab during working
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hours, and therefore the heating load was lower than with the well-mixed system. In the
early morning and in the evening, the building with the UFAD system without heating
coils under the diffusers had a higher heating load than the building with the well-mixed
system. This result was due to high heat transfer from the floor plenum to the floor slab.
In the building with the UFAD system with heating coils under diffusers, heat transfer
through the floor slab was lower and thus had a much less heating load than in the UFAD
case without heating coils but more than in the well-mixed system.
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Figure 5.9. Heating loads for buildings with different systems on a typical winter day.

5.4.

Year-around Simulation

As discussed previously, weather conditions play an important role in the energy
performance of UFAD systems. On days with mild weather, a building with a UFAD
system would make greater use of free cooling than a building with a well-mixed system
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because of the higher supply air temperature. Thus the building with the UFAD would
consume less energy in cooling. However, heat transfer through the slab would lead to
energy loss and higher energy consumption in both cooling and heating mode. When
comparing these systems, it is necessary to consider the integral effects of these factors.
This section presents year-around simulations results for buildings with different systems.

Figure 5.10 illustrates the monthly energy consumption in different cases. In the building
with the well-mixed system, more energy was used by the chiller, especially during the
shoulder season, when the outdoor air temperature was suitable for free cooling. With the
mild weather, the building with the UFAD systems could make greater use of free
cooling and save more energy than that with the well-mixed system. The annual energy
consumptions by the chillers in the two UFAD systems were almost the same (difference
less than 0.1% which could be simulation error) and they were found to be 17% lower
than in the well-mixed system (the percentage was calculated on the basis of the energy
consumption of the chiller in the UFAD systems).
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Figure 5.10. Monthly energy consumptions by the chiller.
Figure 5.11 shows the monthly energy consumption by the boiler, which was found to be
40% higher in a UFAD system without heating coils under diffusers than in a well-mixed
system. The reason for this difference is that the heat transfer from the floor plenum to
the downstairs ceiling plenum led to a higher heating load in the UFAD system. The
energy consumption in a UFAD system with heating coils under diffusers was 27%
higher than that with the well-mixed system.
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Figure 5.11. Monthly energy consumptions by the boiler.
The electrical energy used by the fan in the building with the UFAD system including
heating coils was 27% higher than that with the well-mixed system, as shown in Figure
5.12. As for the UFAD system without reheats under diffusers, the electricity
consumption by the fan was 31% higher than that with the well-mixed system. These
were because the supply air temperature in the UFAD system was higher than that in the
well-mixed system and the airflow rate was also higher. The energy consumption by the
fan is quite related to the flow rate of the HVAC system. The UFAD system without
heating coils under diffusers consumed more energy on the fan than the UFAD system
with heating coils during winter because it needed more heating.
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Figure 5.12. Monthly energy consumptions by the fan in the main air loop.
This chapter performed the energy simulation for buildings with well-mixed and UFAD
systems. By analyzing the design day simulation results, it is seen that the heat transfer
through the floor slabs between floor plenums and downstairs ceiling plenums could play
an important role on the energy consumption of buildings. Because of the heat transfer
through the floor slab, the building with a UFAD system could have higher cooling load
than that with a well-mixed system in a typical summer day, and higher heating load in
winter as well. However, the building with the UFAD system could make more use of
free-cooling due to a higher supply air temperature and its energy consumption by the
chiller would be less than that with a well-mixed system. It is also seen that adding
heating coils under diffusers of the building with a UFAD system would decrease the
heat transfer through the slabs during the heating mode and lead to much less heating
load.
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK

6.1.

Conclusions

The comparison and analysis of the energy performance of UFAD systems with that of
conventional well-mixed systems must be comprehensive, taking into account all the
advantages and disadvantages. Many previous studies were conducted for potential
energy saving and indoor environment improvement due to the air stratification of UFAD
systems during the cooling mode. Few of them have focused on the negative effects of
the heat transfer across the floor slab between the supply plenum and return plenum
below. In addition, few studies have performed year-round simulations for buildings with
UFAD systems because a heating mode analysis is not available.

This thesis firstly developed an EnergyPlus model for performing energy simulations for
various UFAD systems. The room air model for UFAD systems in the EnergyPlus
program was applied to simulate the thermal gradient in the occupied room. The
influence of the non-uniform flow in the supply plenum was also considered. In order to
validate the EnergyPlus model used for analyzing UFAD systems, the experiments were
performed and the measured data were compared with the simulation results. The
agreement between the experimental and simulation results indicated that the EnergyPlus
model could predict the thermal load with enough accuracy. In addition, it was found that
when performing a thermal load analysis, it is safe to regard the floor plenum as a single
thermal zone. In other words, the non-uniform flow in the supply plenum had little
influence on the thermal load calculation.

Using the validated model, this thesis performed a year-round simulation for a building in
Philadelphia with a well-mixed system and different UFAD systems. The analysis of
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the energy flow showed that the heat transfer through the floor slab of a multi-story
building played an important role on the energy consumption of the building with the
UFAD systems. Because of this, the cooling load of the building with the UFAD system
could be higher than that with a well-mixed system in a typical summer and higher
heating load for the building with the UFAD systems was also found. However, although
with the higher cooling load, the building with the UFAD system could use more freecooling due to a higher supply air temperature. Our calculation indicated that the energy
consumption by the chiller for the building with the UFAD system was less than that with
the well-mixed system, but more heating energy by the boiler and more electrical energy
by the fan. Since the use of free-cooling is quite related with the energy consumption by
the chiller, the energy performance of the UFAD system could be better or worse than the
well-mixed system depending on the climate zones.

According to the simulation results of two UFAD systems, it is recommended to install
heating coils under diffusers. For this case, the cool conditioned air could be delivered
into the floor plenum and heated before it goes into the occupied room during the heating
mode. This configuration will reduce the heat loss because of the heat transfer through
the floor slab and save the energy consumption on heating.

6.2.

Future Work

This thesis also makes several recommendations for future work on the simulation
method of UFAD systems and the potential energy performance improvement for the
buildings with UFAD systems.

The first recommendation is to develop a model to simulate the vertical air flow between
different thermal zones in EnergyPlus. Since EnergyPlus doesn‟t have the ability of
directly simulating air flow vertically between different zones, this thesis used the
“AirTerminal” components to work as diffusers connecting the floor plenum and
occupied room. Although this method could simulate air flow from the floor plenum to
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the occupied room through “diffusers”, it sometimes limits the flexibility and efficiency
of the EnergyPlus. For example, the “AirTerminal” was used between the supply plenum
and the occupied room to work as diffusers. The user could not use these components
before the floor plenum. In other words, the “AirTerminal” components with or without
reheats cannot appear in the air loop of HVAC systems outside of the building. In reality,
however, many HVAC systems have air terminal components and the air travels through
them before it goes into buildings.
Because there is no “AirTerminal” component before the floor plenum, as discussed
above, the year-round simulation for a building with a UFAD system is inefficient. The
“ZoneControl:Thermostat” component tells the program how to determine the cooling
mode and heating mode. At the same time, the “AirTerminal” components allow the
program to change the supply air temperature when there is transformation between the
cooling mode and the heating mode. Without the “AirTerminal” components before the
floor plenum, the program cannot change the supply air temperature automatically
according to the requirement if there is transformation between the cooling mode and the
heating mode. In transient season, this situation often happens that in the morning some
thermal zones need heating but in the afternoon it needs cooling due to the internal heat
load as well as solar radiation. In this thesis, the user inputs the supply air temperature for
every hour according to the room air temperature and desired value, similar with the
manual control of HVAC systems. It is a huge work load and makes the simulation very
inefficient.

As for the improvement of the energy performance of the UFAD systems, this thesis
recommended the research on the control strategy for various UFAD systems. For
example, the HVAC system was shut off between 10:00 PM and 6:00 PM in the yearround simulation of this thesis. In winter, the HVAC system could be set to work during
night to avoid too low room air temperature. This strategy might help to decrease the
peak load of energy use and thus reduce the cost of energy consumption.
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